Study aim: the aim of the study was to evaluate whether the use of instrumented versions of spasticity tests would provide us with clinically more useful information on the patient's status. Material and methods: the study included 19 children, 8-17 years old: 7 girls and 12 boys. Pendulum, velocity, and popliteal tests were performed using the Vicon system (knee joint angle, 8 muscles EMG). Dynamic movement ranges of the knee joint during velocity and popliteal tests (ROM), indices of the pendulum test, and muscle activity in dependence of velocity of movement (MA, MAST) were calculated. Correlation coefficients between ROM, Vmax, MA, and MAST were calculated to show whether instrumentation of clinical tests can validate the patient's status more precisely. Results: Vmax value from the pendulum test does not always correlate with ROM. Scores of MA and MAST do not correlate with ROM. Vmax generally does not correlate with MA or MAST. Conclusions: ROM is one of the most important parameters reflecting the level of spasticity but it is not sensitive enough to detect small changes in the patient's status. In that case, Vmax of the pendulum test and the number of activated muscles in velocity and popliteal tests could become important tools to assess changes in spasticity level, especially when motion systems are more commonly available.
Introduction
Spasticity is commonly present in patients with neurological diseases of different origin. It is defined as a velocity-dependent increase in muscle tone, with exaggerated tendon reflexes [1] . Clinically, it is demonstrated when abnormal muscle activity appears in the leg that is tested or as crosstalk in muscles that are not directly involved in movement, or belong to the contralateral extremity [3] .
Proper evaluation of spasticity level is important for the optimal choice of treatment methods. Clinically, its level is assessed using one of the following scales: Ashworth, modified Ashworth, Tardieu, and modified Tardieu [3, 4, 8] . In addition, velocity and popliteal tests are sometimes used, as they do not need any advanced equipment except for an angle measurement device (goniometer). A shortcoming of these clinical tests is their subjectivity, low accuracy, and low sensitivity to changes in the patient's status [8] . Due to technology development, advanced measurement techniques are more often used also in the clinical environment [3, 7] . One of the instrumented tests assessing spasticity is the pendulum (Wartenberg) test [10] . White et al. [11] proved that the pendulum test is a reliable method to asses the spasticity of the quadriceps but suggested that not all indices from that test are equally informative, and their number should be decreased, keeping only one or two, i.a., maximum angular knee velocity. Syczewska et al. [9] found that the Vmax parameter (maximum velocity reached by a released lower extremity in the pendulum test) is characterized by high repeatability, and thus, probably, is the best index reflecting the level of a patient's spasticity.
Today, quantitative movement analysis systems are becoming more available. They capture kinematics, kinetics, and EMG data simultaneously. The are usually used for the evaluation of everyday clinical status of the patient, e.g., gait analysis. Their advantage is the ability to combine kinematic data with EMG data. Therefore, it seems to be important to convert traditional spasticity tests into instrumented equivalents [9, 12] .
The aim of the present study was to evaluate whether instrumented spasticity tests: velocity and popliteal together with the pendulum test (based on the use of movement analysis system) would add new and clinically useful information on the patient's status to one of the commonly used clinical measures: range of knee joint motion during passive motion (ROM).
Material and methods
The study was performed on 19 patients of The Children's Memorial Health Institute with different neurological problems, but with spasticity present. The mean age was 13 years (range: 8-17) for 7 girls (mean age: 14) and 12 boys (mean age: 13). Ten patients were diagnosed with cerebral palsy (8 with spastic diplegia, 1 with triplegia, 1 with tetraplegia), others had spasticity due to neurosurgery (brain tumour resection -4 patients), stroke (1 patient), or neurodegenerative diseases (4 patients). The range of body mass was from 20.5 kg to 72 kg, and the range of body stature was from 118 cm to 173.5 cm. The study was approved by the local ethical committee.
The inclusion criteria were: -spasticity due to neurological problem (cerebral palsy, injury to the central nervous system); -good cooperation; -no secondary diseases (metabolic, orthopaedic, etc.) that might influence motor performance. Pendulum, velocity, and popliteal tests were performed with the use of the Vicon MX system (camera frequency of 100 Hz, software Nexus 1.8.2) synchronized with MotionLab surface EMG (frequency of 1000 Hz). Knee joint kinematics were calculated using three markers of the Plug-In-Gait model marker set: THI, KNEE ANK. They were placed on the thigh, knee, and ankle, respectively, according to model references: THI on the line between the trochanter and the lateral epicondyle, KNEE on the lateral epicondyle, and ANK on the lateral malleolus. The markers were applied to both legs, left (L) and right (R).
Eight EMG signals were simultaneously collected from the muscles of each leg: active (on which the test was performed) and passive (the opposite one). Electrodes were applied according to SENIAM recommendations over: rectus femoris, vastus lateralis, vastus lateralis, hamstring lateralis, hamstring medialis, gastrocnemius, tibialis anterior, and soleus. The three last muscles affecting ankle joint movement were included for the purpose of foot inertia for future studies, but they were not included in the present study analysis.
During all tests, subjects were lying supine on the test table with lower legs hanging freely from the table.
Patients were informed about the testing procedure and were asked to be relaxed during the whole session.
The pendulum test was performed according to the protocol described in the previous study [9] . The examiner extended the knee of the evaluated leg, and then released it. The procedure was repeated four times, with an approximately 1-minute break between trials. Based on the marker position data, the knee joint angle was calculated, as well as further pendulum test indices: Vmax, R1, R2, and R2n, separately for each trial, and then averaged for each leg separately. The averaged data were used for further analysis.
The velocity test was performed in the position like in the pendulum test. The examiner was holding the patient's ankle and extended and flexed the knee joint with increasing velocity (the patient remained passive). The second hand of the examiner stabilized the knee joint of the examined leg. The procedure was repeated once for each leg. Based on the marker position data of the knee joint, the angle and then velocity of movement were calculated. EMG signals were registered simultaneously. Their dependence on velocity was analysed.
The popliteal test was performed in lying position like during the pendulum and velocity tests but with the hip flexed at 90° (lower leg parallel to the surface of the table). The examiner held the leg under the knee joint with one hand. Then examiner extended and flexed the knee joint with increasing velocity (the patient remained passive), while holding the ankle with the second hand. The procedure was repeated once for each leg. Based on the marker position data, the knee joint angle and then velocity of movement were calculated. EMG signals were registered simultaneously. Their dependence on velocity was analysed.
Data on marker positions and EMG raw signals were exported from Nexus software. The knee joint angle and pendulum test indices were calculated in Matlab and Excel VB procedures. The EMG signal was filtered and enveloped in Matlab procedure and pre-analysed in the Excel VB procedure -graphs of muscle activity rate and velocity of movement were created. A jump in the plot of at least 0.02 mV meant a change in muscle tone depending on velocity.
The following parameters were used as spasticity measures:
• V max, maximum velocity reached by a released lower limb in the pendulum test
• ROM, dynamic movement ranges of knee joint during velocity and popliteal tests, defined as the distance from maximally flexed and extended leg during test (ROMVel, ROMPopl)
• MA, muscles affected, i.e., the number of muscles in which the muscle tone depended on the velocity of movement (max patient's score for each parameter is 5, max total score 40): 
Results
Indices of the pendulum test, i.e., Vmax, R1, R2, and R2n were calculated. Figure 1 Table 1 presents the score of velocity-dependent muscle activity MA separately for extension and flexion movement for the active and opposite leg, registered in the velocity test. Table 2 presents a similar score in the case of the popliteal test. In case of one patient, the test could not be performed on the right leg. Moreover, an analysis of the number of muscles stretched (MAST) during velocity and popliteal tests was performed. In this case, the score was the summarized number of velocity-dependent increase of muscles during extension and flexion in the left and right leg. The results are presented in Table 3 . A comparison between the left and the right side was not possible regarding MA and MAST variables because of the type of data (less than 10 cases per field). 
Fig. 1. Averaged Vmax from 4 trials
In our study there were no differences between the left and the right side regarding the Vmax and ROM parameters. This is why data from the left and the right side were pooled for more reliable conclusions (38 cases instead of 19), although merged data were not normally distributed any more. Spearman correlations between Vmax from the pendulum test and ROM were not statistically significant.
Spearman correlation calculations revealed that there was generally no correlation between Vmax from the pendulum test and MA, except for Vmax_R and MAVelFlexA_R (-0,52), and no correlation between ROM and MA parameters. There was also generally no correlation between Vmax from the pendulum test and MAST, except for Vmax_R and MASTVel_L (-0.50), and no correlation between the ROM and MAST parameters.
Discussion
The clinical tests (Ashworth, modified Ashworth, Tardieu, and modified Tardieu) widely used to determine whether spasticity is present and to assess its level, are not sensitive enough to estimate the influence of the treatment on patient's status [4, 8] . Therefore there is the need to create/adapt a set of more sensitive and objective tests for assessment of patients' status during antispastic treatment [7, 12] . The aim of this study was to evaluate whether instrumented spasticity tests, velocity and popliteal tests together with the pendulum test, would add new information to the commonly used clinical measure: range of knee joint motion during passive motion (ROM). The study group consisted of patients with spasticity present due to various neurological problems. Even patients with the lowest level of spasticity did not reach the normal value of ROM during velocity and popliteal tests (mean 64-73°, depending on the case). The mean value of Vmax in the pendulum test in the studied group was 3.5°/s, while in normal subjects this value was 6.8°/s [9] .
The results of this study suggest that instrumentation of clinical tests and addition of the pendulum test to the set of tests assessing spasticity, as well as the analysis of velocitydependent muscle activity in two different positions of the subject (velocity test/popliteal test), can provide additional information on the patient's status. This statement is based on the fact that the Vmax value from the pendulum test does not correlate with the dynamic movement range (ROM) in neither the velocity nor the popliteal tests. Moreover, no correlation between ROM and the number of muscles with activity dependent on velocity (MA and MAST), as found in this study, proves that these parameters are important in a patient's evaluation. The fact that there were no correlations between Vmax and MA and MAST scores suggests that it is difficult to specify which of these parameters are The aim of the present study was to evaluate whether a combination of the instrumented spasticity tests, velocity and popliteal tests together with the pendulum test, would add new information to the patient's status to one of the commonly used clinical measures: range of knee joint motion during passive motion. The results obtained from this study confirmed this hypothesis: all four tests are not redundant, but give independent information. This could be of importance, as there are some indications that in patients with abnormal muscle tone, there are different underlying mechanisms [5] . Better classification of these patients into subgroups could help better treatment alternatives. Loss of selective activation of the muscles (co-contraction) is one of the main features of patients with abnormal muscle tone [2] . Our results show, that the number of muscles abnormally affected during velocity and popliteal tests varied between the patients (tables 1-3). These scores reflected the degree of the selectivity loss. Thus, scoring the number of abnormally activated muscles, both in the active (assessed) and opposite, passive leg, during these two tests could be clinically important information. Resulting from selectivity loss, co-contraction of agonist-antagonist muscles in is one of the important factors limiting the functional status of neurological patients. A similar variability of patterns of abnormally activated muscles was found in a study in which biomechanical measures of passive resistance were compared between spastic and healthy subjects [6] , thus, this variability is a characteristic feature of spastic subjects.
The pendulum test and an instrumented version of velocity and popliteal tests were registered during one session and the performance of the whole procedure did not increase the time of the session in a significant way; thus, the introduction of the new set of tests would not increase the time and cost of the evaluation.
A limitation of this study was the low number of subjects. More conclusive statements (based on statistical analysis) would be possible if the number of subjects with given score of MA and MAST were be higher than 10. Although the number of patients was limited, power analysis revealed that the weakest power had one of the chi-tests: 66%, the highest one of the correlation tests: 93%, and all others powers were scattered between these two values. Generally, implementation of quantitative movement analysis systems in spasticity evaluation seems to be complementary to traditional clinical tests.
In conclusion, the combination of three instrumented tests: pendulum (maximal velocity parameter), velocity, and popliteal (with scores reflecting number of abnormally activated muscles) adds new information to the range of knee joint motion during passive motion.
